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1. 1. 1.
INTRODUCTION INTRODUCTION INTRODUCTION INTRODUCTION
The aim of this study was to develop a model to be used in the prediction of total evaporation losses in sewage sludge drying bed. Sludge dewatering is a physical unit process used to remove as much water as possible from sludge to produce a highly concentrated cake, and is dried naturally by a combination of seepage and evaporation. The rational equation for drying is dependent on time for sludge to drain (i.e. the time during which draining is the primary drying mechanism in days), and time for moisture to evaporate from the drained sludge [1] . Raw sludge is watery, containing only 2% solids. Hence, sludge drying process reduces mass and volume of the product, making its storage, transport, packaging and retail easier and also enables incineration and co-incineration of sludge, facilitate handling for downstream unit. This is achieved through thickening by gravity or air floatation [2] .. Sludge, which is produced as a byproduct of all treatment processes, has considerable potential as a fertilizer and soil conditioner.
Conventional sand beds consist of a layer of coarse sand 15-25cm in depth and supported on a gravel bed (0.3-2.5cm) that incorporates selected tiles or perforated pipe under-drain. The drying period is 10-15 days and the moisture content of the cake is 60-70%. The sludge for land application must meet riskbased pollutants limit to protect public health and the environment [3] . Drying beds are not adapted for regions with heavy rain falls and frequent flooding or where the water table is high. In any case, the ponds should be sealed to prevent infiltration of the pathogen containing percolate and a counter bund can prevent runoff to flow in. The form of the product obtained after dewatering process is hardly acceptable by several clients, including among others agriculture, forestry, as well as power industry [4] . The product requires further transformation, more advance treatment. This shall be the task of sludge drying process, understood as thermal drying process in which thermal energy is delivered to the sludge in order to evaporate water [5] .The exchange of mass and heat between dried sludge and air (material and 891 891 891 891 factor) is of essential significance for the drying process. The heat exchange is achieved through radiation, convection and conduction. Moisture mass goes from the area of higher concentration to the area of smaller concentration as a result of diffusion [4] . Three phases of drying exist in the use of thermal energy to dry sludge. The first phase of sludge drying process is preliminary drying. During this very short phase the temperature of sludge is increasing up to a certain constant value. After the preliminary drying the next phase called the essential drying begins. It is the longest phase of drying during which moisture evaporates from the surface of the sludge particles with a constant speed, not dependent on the type of sludge. The whole surface of sludge particle is covered with water which constantly evaporates and is replaced by the water from inside of the particle. The temperature of sludge during basic drying phase is constant and is the same as the temperature of surrounding water (50 -58 o C) [6] . The time of basic drying depends on the difference between the moistness on the surface of the sludge particle and the amount of not bonded water inside the sludge particle. The last phase of sludge drying is final drying. It begins when the moistness of sludge reaches critical value, for which the temperature of sludge is beginning to increase. Water from the surface of sludge evaporates quicker than it is replaced from the inside of the particle. The speed of drying in the last phase is decreasing until balanced hydration (dependent on the drying temperature and air humidity) is achieved [7] . Nevertheless, partial drying (up to 30 -40% of dry solid (DS)) and total drying (80 -97% of DS) is suggested as the most convenient for the drying process and the drying facility exploitation. Conventional heat-drying is, however, technically complex, requiring high investment and consuming large quantities of energy [8, 9] . Often, therefore, solar drying of sludge turns out to be a better solution especially, for small to middle-sized sewage plants [9 -12] . Despite the increasing importance of solar drying of sludge, models to predict the drying rate are still not available except the one developed by [13] . Several researches have been carried out on sludge drying using thermo-systems and solar radiation but not particularly on the development of models for the estimation of evaporation losses in sludge drying beds, Nevertheless, and to the best of our knowledge [13] developed a model to predict evaporation losses from sewage sludge drying beds. The result is an estimate of the evaporation rate, and may be expressed as; V ; W(X YZ [ (3) Integrating Equation (3) between the limits t ; 0 and t ; T, gave:
Where c d is the total seepage over a given period, T is the time, k1rate constant, b is the slope and e is the base of Napieran logarithm 
Where = a intercept on the horizontal axis due to long-term effect of seepage. Other parameters retain their nomenclature as defined above. Seepage from drying beds is enhanced by the use of conditioners [15] . This implies that the rate of evaporation from drying beds will reduce appreciably if a conditioner is used in drying sludge. The article [15] showed that dewater ability enhancement ratios (DER) when FeCl conditioner was used for drying sewage sludge were 1:1 for control experiment when no conditioner was used (i.e. 0g FeCl doses respectively. DER is the ratio of maximum discharge at any given coagulant dose ) (γ to the maximum discharge for control experiment ) (ε .
Destruction of pathogenic organisms is one of the major reasons for drying sludge in sand beds [16] . It 892 892 892 892 has been shown that pathogen die-off is not significant at high moisture contents. Experiment for the study of short-and long-term effects of drying sludge was conducted over a period of 76 days. The fate of faecal coliform die-off was monitored at various depths starting from the surface (i.e. 0mm depth), 60mm, 120mm, 180mm and 240mm respectively. Results indicate that despite the fact that solar radiation destroys pathogens, its effect is not so significant at high moisture contents. This is evident from the pathogen die-off trend whose rate was consistently increasing during the last 18 days of the experiment, a condition which started prevailing when the moisture content of sludge had decreased from 88.99 per cent to 65.48 per cent. Also, in an experiment conducted to investigate the moisture variation associated with water input and evaporation during sewage sludge bio-drying [17] discovered that the moisture in the sewage sludge biodrying material decreased from 66 -54% in response to control technology for bio-drying. They also observed that during the temperature increasing and thermophilic phases of sewage sludge bio-drying, the moisture content, water generation and water evaporation of the bulk initially increased and then decreased [17] . Forced aeration can equally enhance evaporation from drying beds because of its positive influence in increasing air velocity across sewage sludge bio-drying pile [18] in their experiment conducted to investigate the effects of forced air volume on the evaporation of water from sewage sludge bio-drying pile, observed that air velocity above the pile during aeration was 43-100% higher than when there was no aeration, and there was significantly positive correlation between air volume and water evaporation from day 1 to 15. The order of daily means of water evaporation was thermophilic phase > second temperature -increasing phase > temperature -increasing phase > cooling phase. Forced aeration controlled the pile temperature and improved evaporation, making it the key factor influencing water loss during the process of sewage sludge bio-drying. [19] to determine the initial water content. In this experiment, 2.0155g sludge sample was oven dried at 105 o C, and after two successive weighing of the sludge sample, moisture content was computed when the difference between the weights of the oven-dried sample did not exceed 0.1% and result showed that moisture content was 81.1%. Further to that, 60.95kg of sludge containing 49.37kg of water based on 81.1% water content was weighed and placed inside a container; 64.05kg of water was added to the sludge, making a total weight of 125kg of sewage sludge the water content thus, increased from 80.1% to 90.7% to enhance flow ability. The contents were thoroughly mixed to a uniform consistency before application into the drying bed. The drying bed is a simple sand and gravel filters on which batch loads of sludge are dewatered. Generally, the gravel layer (grain diameter of 7 -15mm) of 20cm thick was used, and this is followed by a final sand layer (grain diameter of 0.2 -0.6mm). The dimensions of the drying bed(i.e. the model) is 100cm long, 30cm wide, 70cm deep, the drain pipe is 50cm and the length extending into the bed is perforated so that filtration can take place as shown in Figures 1 and 2 . The weight of the evaporation can is 79.0g, 15cm diameter and 20cm deep. Sludge were introduced on the bed intermittently and the percolate collected at 24 hours interval for 15 days. Two hours after the final application of sludge on the bed, 1638.0g of sludge was collected from the bed and placed inside the evaporation can, kept by the side of the bed and evaporation allowed to take place for 15 days also at 24hours interval and simultaneously with seepage. Moisture contents in the sand and gravel media are not constant but vary with time, so that three samples were collected from these media at four days intervals and moisture content tests conducted. Results showed that moisture contents of the sand and gravel layers are approximately 10% and 7.5% respectively Since evaporation is directly proportional to surface area [20] , evaporation from the drying bed (model) was determined by multiplying the evaporation from the evaporation can by the area ratio Ac/Am, where Ac and Am are the surface areas of the evaporation can and models respectively, this is a major limitation in this work because of unavailability of evaporation meter. After the experiment, data obtained were used to calibrate and verify the model. In this research, the first eight data corresponding to days 1 to 8 were used for calibration while the remaining seven data corresponding to days 9 to 15 were used for verification by using the Pearson's coefficient of correlation. ; ktu (7) Integrating both sides of Equation (7) Regression of {w (X 7 c r 7 c d ) on time, t will enable obtain the intercept w ln and the slope k .
From Equation (7), c r ; X(1 7 h i[ ) 7 c d (14) Where c d is the instantaneous evaporation from the drying bed, W is the instantaneous quantity of water in the sludge; c d is the instantaneous seepage from the drying bed; K is the rate constant; and t is the time Equation (10) is the instantaneous evaporation from the drying bed, to determine the total losses over a given period of time due to evaporation from the drying bed, we integrate Equation (10) ; 78155 ∴ vw(X 7 c rd ) ; 4.3587 7 0.1336u (20) Equation (16) Table 4  Table 4 Looking at the data generated from evaporation experiment, it shows that evaporation decreases with time as the quantity of water in the sludge decreases, and that the rate at which evaporation is taking place from the sludge is directly proportional to the instantaneous quantity of water present in sludge. It was shown that total loss of water due to evaporation from the sludge is given by the expressionc r~;
This model can be used in the design of sludge drying bed using the design criteria shown in Table 4 . The model is holistic having taken care of both evaporation and seepage losses in drying of sludge during calibration as shown in Tables 1 and 2 . A look at the materials balance shown in section 4.1, shows that at high seepage losses as a result of application of conditioner for drying, dewater ability enhancement ratios (DERs) would increase, and logically evaporation rate would reduce in accordance with this trend. Also pathogen die-off rate is a function of moisture content of sludge, long-term drying would favour microbial decay in consonance with Equation (5) developed by [14] . It is advisable always to enhance seepage losses in sand beds because of the faster rate of drying when compared to evaporation which is a very slow process and is often affected by climatic factors. To encourage filtrate generation, coarser sands are recommended because of larger pore spaces which induce percolation. A model developed by [13] to predict evaporation losses from sewage sludge drying bed suffers a major setback in that the model took care of sludge dewatered through evaporation only, while sludge dewatering is done through the processes of seepage and evaporation. It is expected that estimated rate of evaporation from sludge using this model will be higher since rate of evaporation is directly proportional to the instantaneous quantity of water in the sludge.
5.
5. 5.
CONCLUSIONS AND RECOMMENDATIONS CONCLUSIONS AND RECOMMENDATIONS CONCLUSIONS AND RECOMMENDATIONS
CONCLUSIONS AND RECOMMENDATIONS Evaporation model shows that the rate at which evaporation is taking place from the sludge is directly proportional to the instantaneous quantity of water in the sludge and follows first order kinetic. The model will assist in the design of drying beds and the management of sewage sludge derived from various households' septic systems. Models to predict evaporation rate from sludge drying beds are scarce except the one of [13] and the one developed in this research to the best of our knowledge based on the literature available to us. Further research is recommended to improve on these models, because many factors affect evaporation that stochastic modeling would give the better result. Thermosystems should be built and used to concentrate solar radiation on the sludge surface to increase the rate of sludge drying.
